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(57) ABSTRACT 

An atomic layer deposition method to deposit an oxide 
nanolaminate thin ?lm is provided. The method employs a 
nitrate ligand in a ?rst precursor as an oxidizer for a second 
precursor to form the oxide nanolaminates. Using a hafnium 
nitrate precursor and an aluminum precursor, the method is 
Well suited for the deposition of a high k hafnium oxide/ 

Appl, No; 10/376,794 aluminum oxide nanolaminate dielectric for gate dielectric 
or capacitor dielectric applications on a hydrogen-termi 

Filed: Feb. 27, 2003 nated silicon surface. 

130 
Providing a hydrogen .__,/ 
-terminated silicon surface 

_ 1 31 
Introducing a hafnium \/ 

‘ a nitrate-containing precursor , 

‘I, I 1 32 
Purging the precursor ~--/ 

' _ a '13s 

Introducing an aluminum N___/ 
-containing precursor 

\l/ _ a I134 
Purging the precursor ’ -~-// 

~ ' _ ' 135 

Repeat untilthe deslred _ 
thickness is reached 

\ll 1 36 
Anneal the deposited film . -~/ 



Patent Application Publication Sep. 2, 2004 Sheet 1 0f 7 US 2004/0171280 A1 

Providing a substrate ~--/ 

\Il 10a 
Growing an oxide interface -v/ 
layer 

Introducing a first metal _ / 

precursor such as HfCI 4 

J, ' 12 
Purging the precursor with N 2 i 

l 
introducing a first oxidizer 
precursor such as H 20 

Purging the precursor with N 2 -~--/ ; 

. 15 
Introducing a second metal K 
precursor such as AlCl 3 

l 
Purging the precursor with N 2 -~-/ 

_ _ _ 17 

lntroduclng a second oxidizer ‘ K 
precursor such as H 20 

l 1;, 
Purging the precursor with N2 --/ 

__/ 

l 
Repeat until the desired 
thickness is reached 

l 20 
Anneal the deposited film " 

Fig. 1 (Prior Art) 



Patent Application Publication Sep. 2, 2004 Sheet 2 0f 7 US 2004/0171280 A1 

110 
Providing a substrate -~-/ 

+ 111 
Introducing a first metal _v/ 
nitrate-containing precursor 

‘b 112 
Purging the precursor -~--'--/ 

- .7 t 113 
lntroduclng a second : 
metal-containing precursor 

1(- ‘ 114 

' Purging the precursor - _- ' _ a 115 ' 

Repeat until the desired _\/ 
thickness is reached ‘ 

J, 116 
J Anneal the deposited film _ ~ 

Fig. 2 



Patent Application Publication Sep. 2, 2004 Sheet 3 0f 7 US 2004/0171280 A1 

120 
Providing a substrate ~-/ 

4, _ ' 121 
ii Introducing a hafnium _ / _ 

nitrate-containing precursor 

L 122 
Purging the precursor -—/ 

' _ i L V 123 “ 

Introducing a _ V 
i a \ 

metal-containing precursor 

i . 124.) 
‘Purging the precursor -—-/ 

1 Repeat until the deslred _ / 

thickness is reached ' _ 

A» _ 126 
Anneal the deposited film -—-/ 

Fig. 3 



Patent Application Publication Sep. 2, 2004 Sheet 4 0f 7 US 2004/0171280 A1 

130 
Providing a hydrogen -_,/ 
-terminated silicon surface 

I trod c‘ ail/1am‘ m 131 I n u mg m ____/ 
a nitrate-containing precursor . 

i- 132 
Purging the precursor -~/ 

_ ‘l, ' _ 7 '13s 

lntroduclng an aluminum ____/ 
-containing precursor 

SIL ‘ 134.‘ 
Purging the precilrsiror ' -~-// 

. _ _ ' 135 

Repeat untlithe deslred _ 
thickness is reached _ ‘ 

i 136 
~.-/ Anneai the deposited film . ‘ 

Fig. 4 



Patent Application Publication Sep. 2, 2004 Sheet 5 0f 7 US 2004/0171280 A1 

1 4O 

1 42 
// 

1 41 
// 

Fig. 5a 

143 

' '7 ‘1421, . 

// 

i 1 41 

1 Fig; 5b 



Patent Application Publication Sep. 2, 2004 Sheet 6 0f 7 US 2004/0171280 A1 

144 
143 

142 

141 

Fig. 5c 

- Fig. 5d 



Patent Application Publication Sep. 2, 2004 Sheet 7 0f 7 US 2004/0171280 A1 

Capacitance (pF) 
-b “a. {\j. N 

(I! 8 U1 CD U1 0 C) C) C O 
1 .‘ 5 

--l 01 A 

1 M a A CD ...-L N 

Voltage (V) 

‘ Fig. 6 

135+ 01 g’ j, WWW’ ' V .......... .. 

1LE+OU~ 

1.5m ~ \ 
iii-()2 ~ ' V 

11503 " 

'i.E~U4 ~ 

1.1305 *4 

LE-D'E ' 

11507 ~ 

'i.E—O8 " 

'LE-Dg ~ 

135.10 K m-.. r v.7. ' ! 

ILe aka gel (Mom 2) 

Voha 90 (V) 

Fig. 7 



US 2004/0171280 A1 

ATOMIC LAYER DEPOSITION OF 
NANOLAMINATE FILM 

Field of the invention 

[0001] The present invention relates to an atomic layer 
deposition (ALD) method to deposit a metal oxide nano 
laminate ?lm by using a metal nitrate-containing precursor 
as an oxidizing agent for another metal-containing precur 
sor. The invention may be used in numerous applications, 
including electro-optic structures, optical coating, and pas 
sivation coating for metallurgical and biomedical applica 
tions. Particularly, the present invention relates to integrated 
circuit fabrication, and speci?cally to a gate dielectric for a 
semiconductor transistor and a capacitor dielectric for a 
memory circuit. 

BACKGROUND OF THE INVENTION 

[0002] Dielectric materials in semiconductor devices in 
integrated circuits appear as gate dielectrics in ?eld effect 
transistors (PET) and capacitor dielectric in dynamic ran 
dom access memory (DRAM). The dimensions of these 
dielectrics are related directly to the performance of the 
semiconductor devices. To achieve faster responses and 
more complex functionalities, today’s generations of inte 
grated circuits become smaller and smaller in all directions, 
lateral siZes as Well as thickness. 

[0003] The performance of a dynamic random access 
memory (DRAM) device is related to the charge stored in its 
capacitor, Which is directly proportional to its area and 
dielectric constant k and inversely proportional to its thick 
ness. As the siZes decrease, to maintain adequate capacitance 
charges for a high performance DRAM device, a high k 
dielectric is highly desirable for a capacitor dielectric. 

[0004] The speed of a semiconductor device is directly 
proportional to the response of a gate dielectric in a ?eld 
effect transistor (FET) after a voltage is applied. The 
response of a gate dielectric is directly proportional to its 
dielectric constant k and inversely proportional to its thick 
ness t. Thus, the need for a thin and high k dielectric is also 
highly desirable for a gate dielectric. 

[0005] The primary material for gate dielectrics is silicon 
dioxide (SiO2) With a dielectric constant of about 4. As the 
device dimensions continue to be scaled doWn, the thickness 
of the silicon dioxide gate dielectric has reached the tunnel 
ing limit of 1.5-2 nm. Silicon dioxide ?lms of less than 1.5 
nm generally cannot be used as a gate dielectric in FET 
devices mainly because of the excessive poWer consumption 
due to the high leakage from the direct tunneling currents. 
There are also other fabrication and reliability concerns for 
such a very thin silicon dioxide ?lm such as boron penetra 
tion, and charge injection damage. 

[0006] Many high dielectric constant dielectric materials 
(high k dielectric) have been investigated as possible 
replacements for silicon dioxide but a suitable replacement 
has still not been found because of the many other stringent 
requirements such as loW leakage current, formation of a 
good interface With silicon substrate, loW thermal budget for 
the fabrication process, and device high channel mobility. 
Potential candidates include titanium oxide (TiOZ), tantalum 
oxide (Ta2O5, k value betWeen 9 and 27), aluminum oxide 
(A1203, k value about 9), Zirconium oxide (ZrO2, k value 
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betWeen 10 and 25), hafnium oxide (HfO2, k value betWeen 
10 and 25), and various combinations and mixtures such as 
multilayers, multicomponents, and nanolaminates. 

[0007] The current leading candidates for high k dielectric 
materials for gate dielectric applications are Zirconium oxide 
and hafnium oxide. The bulk dielectric constant of these 
materials is about 20 to 25, meaning a thickness of about 5 
to 6 nm of these materials is equivalent to a thickness of 1 
nm of silicon dioxide. 

[0008] Zirconium oxide ?lms deposited via ALD shoW 
good insulating properties including high dielectric constant 
and loW leakage. A major concern, hoWever, is that it does 
not deposit directly on hydrogen-terminated surface 
smoothly, but instead requires a thin layer of silicon dioxide 
for uniform initiation. For example, see Conley et al, 
“Atomic layer deposition of hafnium oxide using anhydrous 
hafnium nitrate”, Electrochemical and Solid-State Letters, 5 
(5), C57-59 (2002) and the references cited therein. The 
presence of the thin silicon dioxide interfacial layer is not 
desirable because it is then very dif?cult to achieve a silicon 
dioxide equivalent thickness of 1 nm. The hydrogen-termi 
nated silicon surface is a silicon surface free of any native 
silicon oxide and the dangling bonds of silicon are termi 
nated With hydrogen. The hydrogen-terminated silicon sur 
face is the result of standard industry semiconductor clean 
ing processes. These standard cleaning processes are 
typically quick immersions of the silicone Wafers into an HF 
solution to produce silicon surfaces that are hydrogen ter 
minated, also knoWn as hydrogen passivation. 

[0009] Research on hafnium oxide indicates that smooth, 
uniform and amorphous hafnium oxide ?lms can be depos 
ited directly on hydrogen-terminated silicon surfaces under 
proper deposition conditions. A dielectric constant of 10.5 
and a capacitance equivalent thickness of 2.1 nm have been 
achieved With a 5.7 nm thick hafnium oxide deposited 
directly on hydrogen-terminated silicon surface. This is a 
very desirable feature because it indicates that further 
research could further reduce the equivalent thickness to 1 
nm or beloW. HoWever, the deposited hafnium oxide ?lms 
still suffer from various problems. One problem is its loW 
crystalliZation temperature, resulting in a much loWer ther 
mal budget for the fabrication process of the semiconductor 
devices. Another problem is that the quality of the interface 
of hafnium oxide and silicon substrate is relatively poor With 
respect to silicon dioxide/silicon interface and that results in 
loW channel mobility When integrated into semiconductor 
device structures. 

[0010] It has been shoWn that thin alternating layers of 
insulators can produce a composite ?lm (or nanolaminate) 
Whose properties can be adjusted. Previous research of 
Zhang et al., “High permittivity thin film nanolaminates”, 
Journal of Applied Physics, Vol. 87, No 4, 15 Feb. 2000, 
indicated that nanolaminates of Ta2O5—HfO2, ZrO2— 
HfO2, and Ta2O5—ZrO2 shoW different properties depend 
ing on the thickness of the nanolaminates. 

[0011] Previous research also indicated that the properties 
of the high k dielectric ?lms could be modi?ed With the 
doping of aluminum. For example, Ma et al., US. Pat. No. 
6,060,755, “Aluminum-doped Zirconium dielectric ?lm 
transistor structure and deposition method for same”, the 
content being incorporated herein by reference, discloses 
that the doping of a high dielectric constant material such as 
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Zirconium oxide With a trivalent metal such as aluminum 
increases the crystallized temperature so that the resulting 
?lm remains amorphous under high temperature processing 
conditions. Zirconium oxide ?lms doped With aluminum 
produced an amorphous ?lm With better uniformity but With 
slightly loWer dielectric constant. 

[0012] From the process side, one of the basic deposition 
processes of modern semiconductor device structures is 
Chemical Vapor Deposition (CVD). In CVD, a combination 
of precursor gases or vapors ?oWs over the Wafer surface at 
an elevated temperature. Reactions then take place at the hot 
surface Where deposition occurs. The temperature of the 
Wafer surface is an important factor in CVD deposition, as 
it affects the deposition reactions of the precursors and also 
the uniformity of deposition over the large Wafer surface. 
CVD typically requires high temperature, in the order of 400 
to 800° C. CVD at loWer temperature tends to produce loW 
quality ?lms in terms of uniformity and impurities. To loWer 
the deposition temperature, the precursors can be excited 
With a plasma energy in plasma enhanced chemical vapor 
deposition (PECVD) process. The precursors and the pro 
cess conditions of CVD processes are carefully chosen to 
avoid gas phase reaction Which leads to particle generation. 
The uniformity of CVD ?lm is also a function of process 
conditions, and in general is not very good at very thin ?lms. 

[0013] Another deposition technology knoWn as atomic 
layer deposition (ALD or ALCVD) has markable improve 
ment over CVD technology in terms of gas phase reaction 
and thin ?lm uniformity. In ALD, the precursor vapors are 
injected into the process chamber in alternating sequences: 
precursor, purge gas, reactant, purge gas With the precursor 
adsorbing onto the substrate and then subsequently reacting 
With the reactant. There are various modi?cations of the 
ALD processes, but the basic ALD processes all contain tWo 
distinct properties: alternating injection of precursors and 
the saturation of the precursor adsorption. 

[0014] In ALD process, a precursor is delivered into the 
chamber and adsorbed onto the substrate surface. The 
adsorption temperature is loWer than the reaction tempera 
ture of CVD process and the adsorbed amount is someWhat 
less sensitive to the Wafer surface temperature. Then the 
precursor is shut off and a purge gas is delivered into the 
chamber to purge all the remaining precursor in the chamber 
volume. A reactant is then delivered into the chamber to 
react With the adsorbed precursor to form the desired ?lm. 
Then another purge gas is delivered into the chamber to 
purge all the remaining reactant vapor in the chamber 
volume. By alternating precursors and reactants in the vapor 
stream, the possibility of gas phase reaction is minimiZed, 
alloWing a Wide range of possible precursors not usable With 
CVD technology. Also because of the adsorption mecha 
nism, the deposited ?lm is extremely uniform because once 
the surface is saturated, the additional precursors and reac 
tants Will not further adsorb or react and Will just be 
exhausted aWay. 

[0015] The precursor requirements of ALD are different 
from those of CVD because of the different deposition 
mechanisms. ALD precursors must have a self-limiting 
effect so that only a monolayer of precursor is adsorbed on 
the substrate. Because of this self-limiting effect, only one 
monolayer or a sub-monolayer is deposited per cycle, and 
additional precursor Will not be deposited on the groWn layer 
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even When excess precursor or additional time is supplied. 
The precursors designed for ALD must readily adsorb at 
bonding sites on the deposited surface in a self-limiting 
mode. Once adsorbed, the precursors must react With the 
reactants to form the desired ?lm. In CVD, the precursors 
and the reactants arrive at the substrate together and the ?lm 
is deposited continuously from the reaction of the precursors 
With the reactants. The deposition rate in CVD process is 
proportional to the precursor and reactant ?oW rate and to 
the substrate temperature. In CVD the precursor and the 
reactant must react at the deposited surface simultaneously 
to form the desired ?lm. 

[0016] Thus many useful CVD precursors are not viable as 
ALD precursors and vice versa. It is not trivial or obvious to 
select a precursor for the ALD method. 

[0017] Nitrate (NO3) ligand is a poWerful oxidiZing and 
nitriding agent, and capable of reacting strongly With many 
compounds. Gates et al., US. Pat. No. 6,203,613, “Atomic 
layer deposition With nitrate containing precursors”, dis 
closes an ALD method speci?cally using metal nitrate 
precursors in conjunction With oxidiZing, nitriding and 
reducing co-reactants to deposit oxide, nitride and metal 
?lms, respectively. 
[0018] Similar to Gates et al., published Works also shoW 
the ALD deposition of Zirconium oxide using Zirconium 
nitrate precursor together With an oxidiZing agent such as 
Water, or methanol, and the ALD deposition of hafnium 
oxide using hafnium nitrate precursor together With an 
oxidiZing agent such as Water, or methanol. For example, see 
Ono. et al., in Us. Pat. No. 6,420,279, “Method of using 
atomic layer deposition to deposit a high dielectric constant 
material on a substrate”, the content being incorporated 
herein by reference. HoWever; our research has shoWn that 
hafnium oxide deposited via hafnium nitrate together With 
an oxidiZing agent has a dielectric constant loWer than 
expected, probably due to the oxygen-rich nature of the 
hafnium oxide ?lm. 

[0019] It is advantageous to reduce the oxygen content of 
hafnium oxide to improve the quality of the hafnium oxide 
?lm. 

[0020] It is advantageous to use hafnium nitrate on hydro 
gen-terminated silicon surface for a smooth uniform initia 
tion of a hafnium oxide layer. 

[0021] It is advantageous to form nanolaminates to modify 
the ?lm characteristics by changes in composition. 

[0022] It is advantageous to incorporate aluminum oxide 
to hafnium oxide for possible modi?cation of the composite 
?lm properties such as better interface quality, and loWer 
leakage current. 

[0023] It is advantageous to incorporate aluminum impu 
rities to increase the crystalliZation temperature of metal 
oxide.; 

SUMMARY OF THE INVENTION 

[0024] A method for using a ?rst metal nitrate-containing 
precursor as an oxidiZing agent for a second metal-contain 
ing precursor during the formation-of a metal oxide nano 
laminate ?lm is provided. 

[0025] One object of the present invention is to provide an 
atomic layer deposition process using a nitrate-containing 
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precursor as an oxidizing agent for another precursor to 
deposit an oxide nanolaminate ?lm. 

[0026] Another object of the present invention is to pro 
vide an atomic layer deposition process using a metal 
nitrate-containing precursor as an oxidizing agent for 
another metal-containing precursor to deposit a metal oxide 
nanolaminate ?lm. 

[0027] Another object of the present invention is to pro 
vide an atomic layer deposition process using a hafnium 
nitrate-containing precursor as an oxidiZing agent for an 
aluminum-containing precursor to deposit a hafnium oxide/ 
aluminum oxide nanolaminate ?lm. 

[0028] Another object of the present invention is to pro 
vide an atomic layer deposition process using a hafnium 
nitrate precursor as an oxidiZing agent for an aluminum 
containing precursor to deposit a hafnium oxide/aluminum 
oxide nanolaminate ?lm that is useful as a gate dielectric or 
a capacitor dielectric in semiconductor applications. 

[0029] ALD is an appropriate method to deposit nano 
laminate ?lms due to the sequential nature of the deposition 
technique. Conventional ALD method for metal oxide nano 
laminate deposition requires four separate precursor deliv 
eries (together With appropriate purging steps) of introduc 
ing a ?rst metal precursor, then an oxidiZer to provide a ?rst 
metal oxide, then a second metal precursor, and then another 
oxidiZer to provide a second metal oxide. The ?rst metal 
oxide and the second metal oxide together form a metal 
oxide nanolaminate ?lm. 

[0030] The present invention provides an ALD method for 
metal oxide nanolaminate deposition requiring only tWo 
separate precursor deliveries (together With appropriate 
purging steps) of introducing a ?rst metal nitrate-containing 
precursor, and then a second metal-containing precursor. 
The metal nitrate-containing precursor acts as an oxidiZing 
agent for the second metal to form the metal oxides of the 
nanolaminate ?lm. 

[0031] By eliminating the oxidiZer steps, the present 
invention signi?cantly simpli?es the deposition method. The 
process time and the system delivery complexity are almost 
cut in half. 

[0032] Furthermore, the elimination of separate oxidiZing 
steps alloWs better control of the metal oxide compositions 
and therefore improves the quality of the nanolaminate 
?lms. The extra oxidiZing steps of the prior art process can 
make the metal oxide to be oxygen-rich because of the 
abundance of oxygen, especially in conjunction With a 
nitrate precursor. 

[0033] The present invention describes the use of metal 
nitrate-containing precursors to act as an oxidiZer for 
another metal-containing precursor in any ALD process to 
deposit metal oxides nanolaminates. The metals in the 
present invention can be any metal materials such as the 
elements from group IB (Cu), group IIB (Zn), group IIIB 
(Y), group IVB (Ti, Zr, Hf), group VB (V, Nb, Ta), group 
VIB (Cr, Mo, W), group VIIB (Mn), group VIIIB (Co, Ni), 
group IIIA (Al, Ga, In), group IVA (Ge, Sn), or the rare earth 
group (La, Ce, Nd, Sm, Gd). The term nanolaminate is 
broadly de?ned in the present invention to cover thin layers 
of different materials or thin layers of the same material. In 
certain aspect of the invention, the metal from the metal 
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nitrate-containing precursor and the metal from the metal 
containing precursor are different metals. Thus the nano 
laminate ?lm comprises numerous thin layers of different 
materials: the oxide of a metal from the metal nitrate 
containing precursor and the oxide of a different metal from 
the metal-containing precursor. In certain aspect of the 
invention, the metal from the metal nitrate-containing pre 
cursor and the metal from the metal-containing precursor are 
the same metals. Thus the nanolaminate ?lm comprises 
numerous thin layers of the same metal oxide material. 
These thin layers of the same-metal oxide material are 
distinguishable only at the deposition time, eg one thin 
layer. is deposited per deposition cycle, and are not distin 
guishable after deposition, eg one thin layer is not distin 
guishable from another thin layer after the deposition is 
completed. 

[0034] A typical metal nitrate has the formula M(NO3)X, 
Where M is the metal material, and x is the valency of M. For 
example, if M is hafnium With a valency of 4, the hafnium 
nitrate formula is Hf(NO3)4. 

[0035] The main objective of the present invention is the 
use of metal nitrate-containing precursor to act as an oxi 
diZer to control the oxygen amount introduced into the 
process chamber and to simplify the process ?oW. Therefore 
it is Within the scope of the present invention to only retain 
at least one nitrate (N03) ligand in the metal nitrate 
containing precursors. Some, but not all, of the NO3 ligands 
can be replaced With a substituent R Without affecting the 
effectiveness of the method. The reduction of NO3 ligands in 
the metal nitrate-containing precursors can also offer a 
control mechanism to control the oxygen amount introduced 
into the process chamber to adjust the property of the 
resulting nanolaminate ?lms. The substituted precursors can 
offer tailored properties of the precursors such as volatility, 
and thermal stability. 

[0036] The substituent R can be numerous ligands, such as 
hydrogen, hydrocarbon such as methyl (CH3), ethyl (CZHS), 
oxygen, oxynitrate such as N02, N205, hydroxyl, aromatic, 
amine, alkyl, silyl, alkoxide, diketone, or any mixtures 
thereof. 

[0037] The second metal-containing precursor can contain 
oxygen or not contain oxygen. The selection of another 
oxygen-containing precursor can lead to more incorporation 
of oxygen While the choice of non oxygen-containing pre 
cursor can reduce the amount of oxygen. The metal-con 
taining precursor can be any of the folloWing: metal alkyls, 
metal halides, metal diketonates, metal alkoxides, metal 
hydrides, metal silyls, metal amides, metal acetylacetonates, 
metal t-butoxides, metal ethoxides and mixtures and com 
binations thereof. 

[0038] The above ALD deposition sequence of ?rst pre 
cursor/purge/second precursor/purge can be repeated until a 
desired thickness is reached. The last sequence can be a full 
sequence of ?rst precursor/purge/second precursor/purge, or 
only a half sequence of ?rst precursor/purge. The selection 
of the last sequence can modify someWhat the top surface of 
the deposited ?lm. 

[0039] In a preferred embodiment, the ?rst metal is 
hafnium or Zirconium metal. The present invention provides 
a method of atomic layer deposition of hafnium oxide/metal 
oxide nanolaminates using hafnium nitrate-containing pre 
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cursor as an oxidizing agent for a metal-containing precur 
sor. The method comprises the steps of providing a hafnium 
nitrate-containing precursor, then purging the hafnium 
nitrate precursor, then providing a metal-containing precur 
sor and then purging the metal-containing precursor. The 
alternating precursor introduction creates a reaction betWeen 
the hafnium nitrate and the metal-containing precursors to 
form nanolaminates of hafnium oxide and metal oxide. 

[0040] In another preferred embodiment, the ?rst metal is 
hafnium or Zirconium metal, and the second metal is alu 
minum. The present invention provides a method of atomic 
layer deposition of hafnium oxide/aluminum oxide nano 
laminates using hafnium nitrate-containing precursor as an 
oxidiZing agent for an aluminum-containing precursor. The 
method comprises the steps of providing a hafnium nitrate 
containing precursor, then purging the hafnium nitrate pre 
cursor, then providing an aluminum-containing precursor 
and then purging the aluminum-containing precursor. The 
alternating precursor introduction creates a reaction betWeen 
the hafnium nitrate and the aluminum precursors to form 
nanolaminates of hafnium oxide and aluminum oxide. 

[0041] In another preferred embodiment of depositing a 
hafnium oxide/aluminum oxide nanolaminate thin ?lm for 
semiconductor applications, the present invention’s ?rst step 
is to provide a hydrogen-terminated silicon surface before 
exposing to the hafnium nitrate precursor. The combination 
of hafnium nitrate precursor and a hydrogen-terminated 
silicon surface can result in the initiation of the deposition of 
hafnium oxide directly on the hydrogen-terminated silicon 
surface Without the need for an incubation period or the need 
for a thin silicon dioxide interfacial layer. The substrate is 
then exposed to a sequence of hafnium nitrate pulse, fol 
loWed by a chamber purge, and then an aluminum-contain 
ing precursor, folloWed by another chamber purge. The 
sequence is repeated until the desired thickness is reached 
With the last step being either an aluminum-containing 
precursor pulse/chamber purge or a hafnium nitrate pulse/ 
chamber purge. The fabrication process then proceeds With 
a post deposition anneal and the deposition of a gate 
electrode material. 

[0042] The hafnium nitrate precursor can be an anhydrous 
hafnium nitrate to minimiZe the Water content. The alumi 
num-containing precursor can be an aluminum halide such 
as aluminum chloride, or aluminum iodide. The aluminum 
containing precursor can be an organo metallic precursor 
such as trimethyl aluminum or triethyl aluminum precursor. 

[0043] The deposition of the hafnium oxide/aluminum 
oxide nanolaminate thin ?lm can comprise a further step of 
heating the substrate to a temperature beloW 200° C., 
preferably betWeen 150° C. and 200° C., and speci?cally 
170° C. 

[0044] The chamber purging step can be done With any 
inert gas such as argon, or any inactive gas such as nitrogen. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0045] FIG. 1 is a How chart of a prior art process for 
depositing a nanolaminate ?lm. 

[0046] FIG. 2 is a How chart of a process for depositing 
a nanolaminate ?lm using a nitrate precursor as an oxidiZing 
agent. 
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[0047] FIG. 3 is a How chart of a process for depositing 
a nanolaminate ?lm using hafnium nitrate precursor as an 
oxidiZing agent. 

[0048] FIG. 4 is a How chart of a process for depositing 
a hafnium oxide/aluminum oxide nanolaminate ?lm for use 
in a semiconductor process using hafnium nitrate precursor 
and an aluminum precursor. 

[0049] FIGS. 5a-5a' shoW the steps in the deposition 
process of a hafnium oxide/aluminum oxide nanolaminate 
thin ?lm for semiconductor gate dielectric application. 

[0050] FIG. 6 shoWs a plot of capacitance vs. bias voltage 
for a 4 nm hafnium oxide/aluminum oxide nanolaminate 
thin ?lm deposited using the present invention method. 

[0051] FIG. 7 shoWs a plot of leakage current vs. bias 
voltage for the same 4 nm hafnium oxide/aluminum oxide 
nanolaminate thin ?lm. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0052] FIG. 1 shoWs a ?oWchart of a prior art process 
shoWing the steps of depositing an oxide nanolaminate thin 
?lm. Step 10 provides a substrate Within a process chamber. 
The substrate and the chamber are conditioned for the 
deposition process such as the groWing of an oxide interface 
layer (step 10a). Steps 11 to 14 provide the ?rst metal oxide 
of the tWo-oxide nanolaminate thin ?lm. Step 11 provides a 
?rst metal precursor for an adsorption of the precursor onto 
the substrate such as hafnium chloride (HfCl4). Step 12 
provides a purging step to remove the precursor from the 
process chamber With an inactive gas such as nitrogen. Step 
13 provides a ?rst oxidiZer such as Water, alcohol, oxygen, 
or oZone to the process chamber. The oxidiZer reacts With the 
adsorbed ?rst metal precursor to form a ?rst metal oxide 
such as hafnium oxide. Step 14 provides a purging step With 
nitrogen to remove the oxidiZer and any by-products. Then 
the second metal oxide of the tWo-oxide nanolaminate thin 
?lm is provided in the steps 15 to 18. Step 15 provides a 
second metal precursor for an adsorption or reaction of the 
precursor onto the previously deposited substrate surface 
such as aluminum chloride (AlCl3). Step 16 provides a 
purging step With nitrogen to remove the precursor from the 
process chamber. Step 17 provides a second oxidiZer such as 
Water, alcohol, oxygen, or oZone to the process chamber. 
The oxidiZer reacts With the adsorbed second metal precur 
sor to form a second metal oxide such as aluminum oxide. 
Step 18 provides a purging step With nitrogen to remove the 
oxidiZer and any by-products. Steps 11 to 18 are repeated 
until the desired thickness is reached in step 19, and then the 
nanolaminate ?lm is subjected to an optional anneal step 20 
to improve the ?lm quality such as ?lm densi?cation. 

[0053] FIG. 2 is a ?oWchart shoWing the current invention 
steps of depositing an oxide nanolaminate thin ?lm using a 
nitrate-containing precursor as an oxidiZing agent for the 
second precursor. Step 110 provides a substrate Within a 
process chamber. The substrate has undergone appropriate 
preparation prior to starting the deposition. The deposition 
normally occurs at loW pressure, typically at 1 Torr pressure, 
so the chamber needs to be pumped doWn to the base 
pressure, about milliTorr range to reduce possible contami 
nation. The substrate temperature needs to be prepared for 
the adsorption of the ?rst precursor. Typical temperature for 
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optimum adsorption is between 150 to 200° C. To prevent 
deposition on the chamber Wall, the chamber Wall setting is 
much loWer than the substrate temperature. To prevent 
condensation of the precursor, the chamber Wall also needs 
to be at about the same temperature as the precursor vapor, 
typically betWeen 50° C. and 100° C. An appropriate tem 
perature for the hafnium nitrate precursor is about 88° C. 
There are no special settings for the chamber. Since this 
process uses atomic layer deposition technique, meaning a 
sequence of precursor pulses, the chamber volume is desir 
ably small to accelerate the saturation of precursor in the 
chamber volume, and the quick purging of the precursor. 

[0054] The precursors also need to be prepared. The 
deposition technique uses the chemical vapor of the precur 
sors delivered sequentially into the process chamber. There 
fore the precursors need to be maintained at appropriate 
temperature to have a good vapor pressure to deliver to the 
process chamber. For gaseous precursors, meaning precur 
sors that are in the gaseous state at room temperature, room 
temperature is adequate. For liquid precursors, meaning the 
precursors that are liquid at room temperature, the precursor 
temperature setting depends on the equilibrium vapor pres 
sure of the liquid precursors. High volatile liquid precursors 
such as alcohol and acetone have a high equilibrium vapor 
pressure, so a loW temperature setting at about room tem 
perature is adequate to maintain a good vapor pressure. For 
loW volatile liquid precursors, a high temperature setting is 
needed. The higher the temperature is, the higher the vapor 
pressure is, and as a consequence, the precursor delivery is 
easier. HoWever, the temperature needs to be set loWer than 
a maXimum temperature Where, the precursors can be. 
damaged such as by thermal decomposition. 

[0055] After the preparation of the process chamber and 
the substrate, the neXt step 111 is the introduction of a ?rst 
metal nitrate-containing precursor. This precursor contains a 
number of nitrate ligands NO3 bonding With the ?rst metal. 
Depending on the valency of the ?rst metal, the number of 
nitrate ligands can vary from 1 nitrate ligand to the maXi 
mum number of ligands to ?ll the valency of the metal. For 
eXample, the valency of hafnium is 4. Therefore, the 
hafnium nitrate-containing containing precursor can contain 
from 1 to 4 nitrate ligands. The basic concept of the present 
invention is the use of nitrate ligands to act as an oXidiZer, 
therefore only one nitrate ligand is essential. The actual 
number of nitrate ligands in the precursor can be used as a 
control factor to optimiZe the amount of oXygen incorpo 
rated in the nanolaminate thin ?lm. 

[0056] After an appropriate time to alloW the complete 
adsorption of the ?rst metal nitrate-containing precursor 
onto the substrate, the precursor Will be purged from the 
process chamber. The adsorption characteristic is self-lim 
iting, therefore the precursor cannot adsorb more than one 
monolayer on the substrate surface, With typically only a 
sub-monolayer is adsorbed. The typical time for this step is 
from a feW seconds to a feW minutes, depending on the 
chamber design, the chamber volume, and the complexity of 
the substrate topology. In chamberzdesign using a shoWer 
head delivery, the travel distance of the precursor is short 
and fairly uniform for all areas of the substrate, so the 
process of complete adsorption time of the precursor onto 
the substrate is short. In contrast, if the precursor is designed 
to deliver from one end and exhaust from the other end of 
the process chamber, the precursor depletion effect can 
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lengthen the adsorption time. Similarly, a small chamber 
volume can offer shorter adsorption time because of faster 
chamber saturation. The substrate topology can also effect 
the adsorption time. In structures having deep trenches, 
precursor depletion effect and precursor delivery effect can 
lengthen the adsorption time. 

[0057] After the ?rst metal nitrate-containing precursor is 
adsorbed on the substrate, the precursor is turned off and 
then is purged from the process chamber to prepare for the 
introduction of the second precursor in step 112. The purg 
ing can be accomplished by a pumping step to evacuate the 
eXisting precursor in the process chamber. The characteristic 
of the pumping step is the reduction in chamber pressure to 
evacuate all gases. The purging can also be accomplished by 
a replacement step by using a non reacting gas such as 
nitrogen or inert gas to push all the precursor out of the 
process chamber. The characteristic of the replacement step 
is the maintaining of. chamber pressure, With the precursor 
turned off and the purge gas. turned on, A combination of 
these tWo steps can be used in the purging step, meaning a 
pumping step folloWed by a nitrogen or argon replacement 
step. 

[0058] The longer the purging time is, the more complete 
the removal of the precursor is, but With a drop in through 
put. Economic reason dictates the shortest purging time, 
therefore the optimum purging time is such that the presence 
of precursor residue does not affect the overall process, and 
is not dictated by the complete removal of the precursor. 

[0059] After the chamber is free from the nitrate-contain 
ing precursor, the second metal-containing precursor is 
introduced into the process chamber in step 113. The 
adsorbed materials, either the ?rst metal oXide or the nitrate 
ligands from the ?rst precursor or both, Will react With the 
second metal in the second precursor to form both ?rst metal 
oXide and second metal oXide in a tWo oXide nanolaminate 
thin ?lm structure. As shoWn in FIG. 1, prior art conven 
tional process of oXide nanolaminate thin ?lm uses an 
oXidiZer such as Water, oXygen, alcohol, or oZone to form the 
metal oXides, therefore requires 8 separate pulses of precur 
sor/Ipurge/ oXidiZer/ purge/precursor/purge /oXidiZer/purge, 
instead of only 4 pulses as in this invention: oXidiZer-capable 
precursor/ purge/ precursor/purge. 

[0060] After the nanolaminate formation, the second pre 
cursor is purged from the process chamber in step 114. 
Again, the purging step can be a pumping step, or a 
replacement step, or a combination of both a pumping and 
a replacement steps. 

[0061] The above 4 steps 111,112,113 and 114 can be 
repeated until a desired thickness is reached in step 115. The 
resulting nanolaminate thin ?lm can then be annealed at 
higher temperature, such as betWeen 400° C. to 1000° C., to 
improve the ?lm quality in step 116. 

[0062] FIG. 3 is a How chart of a process for depositing 
a nanolaminate ?lm using hafnium nitrate precursor as an 
oXidiZing agent. Step 120 provides a substrate Within a 
process chamber. The substrate and the chamber are pre 
pared appropriately for the atomic layer deposition process. 
The neXt step 121 is the introduction of a hafnium nitrate 
precursor, Hf(NO3)4, containing 4 nitrate ligands. After the 
hafnium nitrate precursor is adsorbed on the substrate, the 
precursor is turned off and then is purged from the process 



US 2004/0171280 A1 

chamber in step 122. Hafnium nitrate can form hafnium 
oxide under appropriate conditions. Then a metal-containing 
precursor is introduced into the process chamber in step 123. 
The reaction of the metal in the metal-containing precursor 
With the adsorbed materials Will generate a hafnium oxide/ 
metal oxide nanolaminate thin ?lm structure. 

[0063] The metal-containing precursors are selected to 
have a reaction With hafnium nitrate. A typical metal 
containing. precursor is aluminum halides such as aluminum 
chloride or aluminum iodide. Other possible aluminum 
precursors are organo metallic precursors such as trimethyl 
aluminum, or triethyl aluminum. 

[0064] After the formation of the hafnium oxide/metal 
oxide nanolaminate, the metal-containing precursor is 
purged from the process chamber in step 124. The above 4 
steps 121, 122, 123 and 124 can be repeated until a desired 
thickness is reached in step 125. The resulting hafnium 
oxide/metal oxide nanolaminate thin ?lm can then be 
annealed at higher temperature, such as betWeen 400° C. to 
1000° C., to improve the ?lm quality in step 126. 

[0065] FIG. 4 is a How chart of a process for depositing 
a hafnium oxide/aluminum oxide nanolaminate ?lm for use 
in a semiconductor process using hafnium nitrate precursor 
and an aluminum precursor. Step 130 provides a hydrogen 
terminated silicon surface on a semiconductor substrate 
Within an atomic layer deposition process chamber. 

[0066] The semiconductor substrate has undergone all 
circuit fabrication processes up to the need for a high k 
dielectric ?lm. In the case of a high k capacitor dielectric, the 
substrate is prepared to have the bottom electrode ready. In 
the case of a high k gate dielectric, the substrate is ready to 
receive the gate dielectric. The preparation may include the 
formation of device isolation structure and a gate patterning 
step if a metal gate process is used. Then the semiconductor 
substrate is prepared to have a hydrogen-terminated silicon 
surface. The hydrogen-terminated silicon surface is a result 
from many standard industry semiconductor cleaning pro 
cesses; These standard cleaning processes are typically a 
quick immersion of the silicon Wafers into an HF solution to 
remove any native oxide of the silicon surface and to 
produce a silicon surface that is hydrogen terminated. The 
hydrogen-terminated silicon surface is essential to remove 
all trace amount of native silicon oxide that could loWer the 
k value of the high k dielectric. Experiments have shoWn 
that a combination of hafnium nitrate precursor and a 
hydrogen-terminated silicon surface can result in the initia 
tion of the deposition of hafnium oxide directly on the 
hydrogen-terminated silicon surface Without the need for an 
incubation period or the need for a thin silicon dioxide 
interfacial layer. 

[0067] After the substrate and the chamber have been 
prepared appropriately for the atomic layer deposition pro 
cess, the next step 131 is the introduction of a hafnium 
nitrate precursor, Hf(NO3)4. After the hafnium nitrate pre 
cursor is adsorbed on the substrate, the precursor is turned 
off and then is purged from the process chamber in step 132. 
Then an aluminum-containing precursor is introduced into 
the process chamber in step 133. The reaction of the alu 
minum in the aluminum-containing precursor With the 
adsorbed materials Will generate a hafnium oxide/ aluminum 
oxide nanolaminate: thin ?lm structure. After the formation 
of the hafnium oxide/aluminum oxide nanolaminate, the 
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aluminum-containing precursor is purged from the process 
chamber in step 134. The above 4 steps 131, 132, 133 and 
134 can be repeated until a desired thickness is reached in 
step 135. The resulting hafnium oxide/aluminum oxide 
nanolaminate thin ?lm can then be annealed at higher 
temperature, such as betWeen 400° C. to 1000° C., to 
improve the ?lm quality in step 136. 

[0068] FIGS. 5a-5a' shoW the steps in the deposition 
process of a hafnium oxide/aluminum oxide nanolaminate 
thin ?lm for a semiconductor gate dielectric application. 
FIG. 5a shoWs a partially processed integrated circuit (IC) 
device structure prior to the deposition of a gate dielectric. 
The structure shoWn can be formed by any fabrication 
method. The structure shoWn in FIG. 5a is for a replacement 
gate process, includes a silicon substrate 141, a ?eld oxide 
142 de?ning the gate stack pattern, and a hydrogen-termi 
nated silicon surface 140. The last step before the deposition 
of the high k gate dielectric is the exposure of the silicon 
surface to HF to prepare a hydrogen-terminated surface. The 
exposure to HF can be an immersion into a liquid HF tank, 
or an exposure to an HF vapor. HF Will etch all the native 
silicon oxide- and leave a hydrogen-terminated silicon sur 
face. 

[0069] FIG. 5b shoWs the IC device structure after a pulse 
of hafnium nitrate Hf(NO3)4 precursor. The hafnium nitrate 
pulse initiates a deposition of hafnium oxide directly on the 
hydrogen-terminated surface Without the need for an incu 
bation period or a thin silicon oxide interfacial layer. This 
?gure shoWs only a schematic representation of a hafnium 
oxide layer 143. The actual hafnium oxide layer may or may 
not be continuous throughout the Whole surface. Also the 
nitrate ligands may or may not present on the hafnium oxide 
layer. 
[0070] FIG. 5c shoWs the IC device structure after a 
nitrogen purge to clean the process chamber of the hafnium 
nitrate and after a pulse of aluminum chloride AlCl3 pre 
cursor. A layer of aluminum oxide 144 is formed after the 
aluminum chloride pulse. The purpose of the aluminum 
chloride precursor is to create a hafnium oxide/aluminum 
oxide nanolaminate ?lm. Fig. 5a' shows the IC device 
structure after another layer 143‘ of hafnium oxide deposited 
via another pulse of hafnium nitrate and another layer 144‘ 
of aluminum oxide deposited via another pulse of aluminum 
chloride. The sequence is repeated until the nanolaminate 
?lm reaches the desired thickness. The fabrication process 
then proceeds With a post deposition anneal and the depo 
sition of a gate material such as a gate metal. This process 
is then folloWed by a chemical mechanical polishing (CMP) 
step to pattern the gate stack structure. 

[0071] A hafnium oxide/aluminum oxide nanolaminate 
thin ?lm Was deposited With 10 Hf(NO3)4/AlCl3 cycles 
folloWing the process described in FIGS. 5. The post 
deposition anneal conditions Were 850° C. anneal in nitro 
gen for 60 seconds. The ?lm Was visually uniform after the 
deposition as Well as after the post deposition anneal step. 
Spectroscopic ellipsometry measurement shoWs a post 
anneal thickness of 4 nm, indicating a 0.4 nm/cycle groWth. 
Another hafnium oxide/aluminum oxide nanolaminate ?lm 
deposited via 20 cycles and anneal Was found to be about 
15.2 nm thick, corresponding to a 0.76 nm/cycle groWth. 
This deposition rate range is approximately 3 to 5 times 
higher than that previously reported for either Hf(NO3)4/ 
H2O or Al(CH3)3/H2O depositions. 
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[0072] FIG. 6 shows a plot of capacitance vs. bias voltage 
for a 4 nm hafnium oxide/aluminum oxide nanolaminate 
thin ?lm deposited using the present invention method. The 
capacitors Were formed by sputtering platinum (Pt) dots 
through a shadoW mask. The threshold voltage is shifted due 
to the Work function of platinum metal gate. Accounting for 
the Pt Work function, a capacitive equivalent thickness 
(CET) of 2.6 nm is extracted from CrnaX (at the bias voltage 
of —1.2V). This CET indicates that the effective dielectric 
constant for the nanolaminate ?lm is about 5.9. This dielec 
tric constant is about 50% higher than that of silicon dioxide. 
Ahafnium oxide ?lm of similar physical thickness deposited 
via ALD of Hf(NO3)4/H2O Would have an effective dielec 
tric constant in the range of about 10. The dielectric constant 
of hafnium oxide/aluminum oxide nanolaminate ?lm is 
expected to be loWer because the bulk dielectric constant of 
aluminum oxide (9) is loWer than that of hafnium oxide (25). 
The slight distortion of the CV curve in FIG. 6 is an 
indication of interface trapping and could be eliminated With 
process optimiZation. The CV curve shoWs loW hysteresis 
effect, as evidence by the almost identical curves folloWing 
the forWard 151 and reverse 152 directions of the bias 
voltage. This loW hysteresis indicates the high quality of the 
nanolaminate ?lm and suggests loW charge trapping. 

[0073] FIG. 7 shoWs a plot of leakage current vs. bias 
voltage for the same 4 nm ?lm shoWn in FIG. 6. Although 
the leakage current is approximately 3 orders of magnitude 
greater than an HfO2 of similar CET, it is still more than 2 
orders of magnitude less than silicon dioxide of similar CET. 
The 4 nm ?lm shoWs a voltage breakdoWn at about 5V. 

What is claimed is: 
1. A method for using a ?rst metal nitrate-containing 

precursor as an oxidiZing agent for a second metal-contain 
ing precursor in an atomic layer deposition process for the 
formation of an oxide nanolaminate ?lm, the method com 
prising the steps of: 

a. introducing a ?rst metal nitrate-containing precursor; 

b. purging the ?rst metal nitrate-containing precursor; 

c. introducing a second metal-containing precursor; and 

d. purging the second metal-containing precursor. 
2. The method of claim 1, Wherein the metals are selected 

from a group consisting of Cu, Zn, Y, Ti, Zr, Hf, V, Nb, Ta, 
Cr, Mo, W, Mn, Co, Ni, Al, Ga, In, Ge, Sn, La, Ce, Nd, Sm, 
Gd. 

3. The method of claim 1, Wherein some, but not all, of the 
nitrate ligands of the ?rst metal nitrate-containing precursor 
are replaced With a substituent R, the substituent R being 
selected from a group consisting of hydrogen, oxygen, 
oxynitrates, hydroxyl, aromatic, amine, alkyl, silyl, alkox 
ide, diketone, and mixtures thereof. 

4. The method of claim 1, Wherein the second metal 
containing precursor is a non oxygen containing precursor. 

5. The method of claim 1, Wherein the second metal 
containing precursor is selected from a group consisting of 
metal alkyls, metal halides, metal diketonates, metal alkox 
ides, metal hydrides, metal silyls, metal amides, metal 
acetylacetonates, metal t-butoxides, metal ethoxides and 
mixtures and combinations thereof. 

6. A method for using a hafnium nitrate-containing pre 
cursor as an oxidiZing agent for a metal-containing precursor 
in an atomic layer deposition process for the formation of a 
hafnium oxide/metal oxide nanolaminate ?lm, the method 
comprising the steps of: 

Sep. 2, 2004 

a. introducing a hafnium nitrate-containing precursor; 

b. purging the hafnium nitrate-containing precursor; 

c. introducing a metal-containing precursor; and 

d. purging the metal-containing precursor. 
7. The method of claim 6, Wherein some, but not all, of the 

nitrate ligands of the ?rst metal nitrate-containing precursor 
are replaced With a substituent R, the substituent R being 
selected from a group consisting of hydrogen, oxygen, 
oxynitrates, hydroxyl, aromatic, amine, alkyl, silyl, alkox 
ide, diketone, and mixtures thereof. 

8. The method of claim 6, Wherein the metal-containing 
precursor is a non oxygen containing precursor. 

9. The method of claim 6, Wherein the metal-containing 
precursor is selected from a group consisting of metal alkyls, 
metal halides, metal diketonates, metal alkoxides, metal 
hydrides, metal silyls, metal amides, metal acetylacetonates, 
metal t-butoxides, metal ethoxides and mixtures and com 
binations thereof. 

10. A method for using a hafnium nitrate precursor as an 
oxidiZing agent for an aluminum-containing precursor in an 
atomic layer deposition process for the formation of a 
hafnium oxide/aluminum oxide nanolaminate ?lm on a 
semiconductor substrate, the method comprising the steps 
of: 

a. providing a hydrogen-terminated silicon surface on the 
semiconductor substrate Within an atomic layer depo 
sition chamber; 

b. introducing a hafnium nitrate precursor into the cham 
ber; 

c. purging the chamber; 

d. introducing an aluminum-containing precursor into the 
chamber; and 

e. purging the chamber. 
11. The method of claim 10, Wherein the hafnium nitrate 

precursor is an anhydrous hafnium nitrate precursor. 
12. The method of claim 10, Wherein the aluminum 

containing precursor is an aluminum halide precursor. 
13. The method of claim 10, Wherein the aluminum 

containing precursor is an organo metallic precursor selected 
from a group consisting of trimethyl aluminum, and triethyl 
aluminum. 

14. The method of claim 10, further comprising a step of 
heating the substrate to a temperature beloW 200° C. after 
step a and before step b. 

15. The method of claim 10, Wherein the chamber purging 
step is accomplished by ?oWing nitrogen or inert gas into the 
chamber. 

16. The method of claim 10, Wherein the chamber purging 
step is accomplished by evacuating the chamber of all gases. 

17. The method of claim 10, Wherein the steps b to e are 
repeated until a desired thickness is reached With the last 
step being step b or step c. 

18. The method of claim 10, Wherein the steps b to e are 
repeated until a desired thickness is reached With the last 
step being step d or step e. 

19. The method of claim 18, further comprising a post 
deposition anneal step after the desired thickness is reached. 

20. The method of claim 19, Wherein the post deposition 
anneal time is betWeen 10 sec to 5 minutes and the post 
deposition anneal temperature is betWeen 400° C. to 1000° 
C. 


